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DNA double-strand breaks can be repaired by homologous recombination, during which the DNA
ends are long-range resected by helicase–nuclease systems to generate 30 single strand tails. In
archaea, this requires the Mre11–Rad50 complex and the ATP-dependent helicase–nuclease com-
plex HerA–NurA. We report the cryo-EM structure of Sulfolobus solfataricus HerA–NurA at 7.4 Å res-
olution and present the pseudo-atomic model of the complex. HerA forms an ASCE hexamer that
tightly interacts with a NurA dimer, with each NurA protomer binding three adjacent HerA HAS
domains. Entry to NurA’s nuclease active sites requires dsDNA to pass through a 23 Å wide channel
in the HerA hexamer. The structure suggests that HerA is a dsDNA translocase that feeds DNA into
the NurA nuclease sites.
 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Double-strand DNA breaks (DSBs) are among the most deleteri-
ous forms of DNA damage. They can arise from exposure to ionis-
ing radiation, oxygen radicals, but also from chromosomal
replication. All three kingdoms possess repair pathways that are
capable of repairing DSBs through either homologous recombina-
tion repair (HRR) or end joining. The HRR pathway restores the
damaged chromosome to its original state without any loss or
change of genetic information through the use of the undamaged
chromosome as a template [1]. In contrast, the template-indepen-
dent end joining pathways – essentially a ligation reaction
– involve limited processing of the DNA and may result in the
alteration of genetic information [2].HRR requires long-range resection of the 50 strand of the DNA
ends. This process is catalyzed in a kingdom-speciﬁc manner by
a variety of nucleases, helicases and other factors [1,3,4]. The
newly generated 30 ssDNA overhang is a substrate for the RecA/
Rad51 recombinases that mediate the strand exchange with the
homologous region in the undamaged chromosome. The paired 30
tail serves as primer for templated repair synthesis, accurately
restoring the disrupted genetic information.
In bacteria, the DSB resection is typically carried out by the
large helicase–nuclease complexes RecBCD or AddAB, although
other pathways exist [5,6]. In eukaryotes, long-range resection
after commitment to HRR involves the nuclease Exo1, the nucle-
ase-helicase Dna2 and the helicase Sgs1 in addition to other factors
[7–9]. The factors responsible for long-range resection in archaea
were identiﬁed through observation that the genes mre11 and
rad50 form a conserved operon with nurA and herA [10–12]. NurA
is a nuclease with predominant 50–30 exonuclease (dsDNA and
ssDNA) and ssDNA endonuclease activities [10,13,14]. Crystal
structures of Pyrococcus furiosus and Sulfolobus solfataricus NurA
revealed that it forms a dimer with structural similarity to argona-
ute, endonuclease V and RNaseH [13,15]. A striking feature of the
structure is an elongated central channel through which both
unwound strands of dsDNA (but not duplex dsDNA) could conceiv-
4638 R.T. Byrne et al. / FEBS Letters 588 (2014) 4637–4644ably be fed into the separate active sites located within the chan-
nel. HerA is a member of the HerA/FtsK superfamily (itself a mem-
ber of the Additional Strand Catalytic glutamatE (ASCE) group of
ATPases) that is characterized by the presence of a central RecA-
like domain containing an a-helical insert [16]. It has been denoted
a bipolar helicase on the basis that it can in isolation unwind blunt
dsDNA substrates in addition to dsDNA substrates with either 30 or
50 ssDNA overhangs [11,17].
To coordinate the nuclease and helicase activities necessary for
efﬁcient resection, NurA and HerA form a complex with 6:2 stoi-
chiometry through the ﬂat surface on one face of the NurA dimer
and the N-terminal HAS (HerA-ATP Synthase barrel) domain of
HerA [13–15]. Reconstitution of the HRR pathway from P. furiosus
revealed that the nuclease activity of NurA within the context of a
complex is modulated such that only the 50 strand is signiﬁcantly
resected [14]. Similarly, the helicase activity of S. solfataricus HerA
in complex with NurA is signiﬁcantly enhanced compared to its
activity in isolation [15].
The current lack of structural information on the entire HerA–
NurA complex has limited our understanding of how the individual
enzymatic activities are coordinated within the complex in order
to bring about speciﬁc long-range resection of 50 DNA. Using
cryo-EM single particle analysis we have determined the structure
of a reconstituted HerA–NurA complex from S. solfataricus at a res-
olution of 7.4 Å and created a pseudo-atomic model by ﬁtting pre-
viously determined crystal structures and homology models
followed by ﬂexible ﬁtting. The structure reveals the basis for the
6:2 architecture of the HerA–NurA complex, and shows that the
entry to NurA’s active sites requires DNA to pass through HerA.
We propose that HerA uses a dsDNA translocase activity to feed
DNA into the active site of NurA for processive resection.Fig. 1. Reconstitution of HerA–NurA complex. (a) Size-exclusion chromatography and (b)
cryo-EM analysis. (c) Resection assays performed with recombinantly expressed and pu
resection of linearised UX174 RFI DNA. (d) In contrast, no resection of supercoiled UX12. Results
2.1. ATP-dependent nuclease activity
Mixing separately puriﬁed wild-type NurA and HerA (without
fusion tags on either protein) produced a stable complex that
was puriﬁed by gel ﬁltration (Fig. 1a and b) and used for cryo-elec-
tron microscopic analysis. To conﬁrm the stoichiometry of the
complex we analyzed samples by size-exclusion chromatography
coupled right-angle light scattering (SEC-RALS) in addition to den-
sitometry of SDS–PAGE gels (Fig. S1). Both the molecular weight of
419kDa determined by SEC-RALS and the 3:1 HerA:NurA ratio
determined by densitometry are consistent with the previously
observed HerA–NurA complex with 6:2 stoichiometry (calculated
molecular weight of 416kDa) [14,15].
To conﬁrm that our proteins are active, we ﬁrst performed
nuclease assays with either linearized or supercoiled UX174 RFI
DNA. Resection of linear dsDNA is only observed in the presence
of NurA, HerA and ATP (Fig. 1c), conﬁrming that resection occurs
in an ATP-dependent manner and requires the activities of both
NurA and HerA. In contrast, we observe no resection of supercoiled
circular DNA (Fig. 1d) indicating that resection can only be initi-
ated from a DNA end.
2.2. Cryo-electron microscopic analysis of the HerA–NurA complex
To elucidate the molecular organisation of the HerA–NurA com-
plex we subjected the reconstituted complex to structure determi-
nation by single particle cryo-electron microscopy (cryo-EM). The
micrographs depicted monodisperse, easily identiﬁable ‘‘bullet-
shaped’’ particles, embedded in vitriﬁed ice (Fig. 2a). A total ofSDS–PAGE conﬁrm the presence of the HerA–NurA complex in the fractions used for
riﬁed NurA and HerA conﬁrm that both proteins are necessary for ATP-dependent
74 RFI DNA is observed.
Fig. 2. Cryo-EM single particle analysis of HerA–NurA. (a) Part of a cryo-EM micrograph showing HerA–NurA particles. Approximately threefold magniﬁed 2D class averages
from the data are shown in the lower panel. (b) Fourier shell correlation (FSC) for two independently reﬁned halves of the data. Shown are the curves for reconstructions with
either C1 (red) or C2 (blue) symmetry imposed during reﬁnement and the resolutions at which FSC = 0.143. (c) Non-symmetrized 3D reconstruction ﬁltered to a resolution of
8.9 Å. Also shown is a 25 Å scale bar. (d) C2-symmetrized reconstruction ﬁltered to a resolution of 7.4 Å. Approximately 2-fold and 6-fold symmetrical segments are colored in
orange/red and blue/light blue, respectively. Also shown are the twofold rotational symmetry axes and a 25 Å scale bar.
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particles that were localized semi-automatically. Two-dimensional
(2D) classiﬁcation of the extracted particles resulted in well-
deﬁned class averages, indicating a high degree of homogeneity
of the sample. To remove particles of insufﬁcient quality (e.g. due
to thicker ice or motion) for accurate alignment from the dataset,
we subjected the particles to 2D classiﬁcation and removed those
that contributed to featureless class averages from the dataset. A
total of 100000 particles were retained for projection-matching
reﬁnement in RELION [18]. As the initial model, the density of
the TrwB hexamer (PDB code 1gki) ﬁltered to 60 Å was used
because of its homology with HerA. To rule out model bias, the
reﬁnement was also performed using a generic cylinder as an ini-
tial model and this yielded an essentially identical reconstruction
(Fig. S2). Reﬁnement of an ab initio model obtained from negative
stain data using the software package SIMPLE [19] also resulted in a
similar reconstruction (Fig. S2). The three-dimensional (3D) reﬁne-
ment procedure yielded a reconstruction of the HerA–NurA com-
plex at a resolution of 8.9 Å as determined by Fourier Shell
Correlation (FSC) of two independently reﬁned halves of the data
(Fig. 2b). The density clearly displayed C2 symmetry (Fig. 2c) and
we therefore applied C2 symmetry for a ﬁnal round of reﬁnement,
which improved the resolution to 7.4 Å (Fig. 2d). The resulting den-
sity shows features expected for the indicated resolution, such as
a-helices and b-sheets. In addition to reﬁnement against a single
3D density, we also attempted to sort the data according to differ-
ent conformers (3D classiﬁcation, see Section 4) but this was not
indicative of major additional conformers beyond the one we
obtained from single-reference reﬁnement.
2.3. Molecular architecture of the HerA–NurA complex
The HerA–NurA complex has an overall length of 140 Å and
diameter of 95 Å, and harbors a central channel with a diameter
of approximately 23 Å at its narrowest point (Fig. 2d). The upper
part of the density clearly displays C2 symmetry whereas the cylin-
der-shaped lower sub-complex adopts approximate C6 symmetry
(Fig. 2d). The overall organization of the density therefore suggests
that it consists of dimeric and hexameric sub-complexes,consistent with both our characterization of the complex and pre-
viously published data [13–15].
2.4. The NurA dimer
To see whether the dimeric sub-complex corresponds to two
NurA molecules, we made use of the available crystal structure
of S. solfataricus NurA (PDB code 2ygk) [20] in which it forms a
dimer. We individually ﬁtted both protomers of the NurA dimer
into the EM-density for dimeric (C2 symmetry) sub-complex
(Fig. 3a); the secondary structure elements of the atomic model
and the EM density clearly co-localize over the entire length of
the model (Fig. 3b). Of note, since the crystal structure of NurA
was not used as a reference in the 3D reconstruction, the excellent
agreement of the NurA crystal structure and the EM density of
dimeric sub-complex validates the EM analysis. Both ﬁtted NurA
protomers are arranged in the EM density in a highly similar man-
ner to those in the crystal structure, including a similar interaction
surface. Compared to the crystal structure, however, the two NurA
protomers are rotated as rigid bodies by approximately 23 with
respect to each other (Fig. 3c). The Fourier cross resolution (FCR)
of the resulting atomic model and the corresponding segment of
the EM density is 7.2 Å, consistent with the resolution of the EM
map indicated by FSC. Thus, this independent validation indicates
that the EM map can be interpreted to at least the 7.4 Å resolution
indicated by FSC.
2.5. The HerA hexamer
The C6 symmetric density likely corresponds to the HerA’s hex-
amer, as previously seen in low-resolution negative stain EM
images of HerA alone [12]. Since a crystal structure of HerA is
not available at this time, we analyzed the domain structure of
HerA using HHPred (Fig. 3d) [21]. HerA contains three domains:
an N-terminal HerA-ATP synthase (HAS) barrel domain as observed
in the N-terminus of the a-subunit of Escherichia coli F1-ATP Syn-
thase (PDB code 3oaa); a central RecA-like domain (residues
120–192 and 301–500); and an a-helical insert within the RecA-
like domain (residues 197–290).
Fig. 3. Molecular model of HerA–NurA. (a) Top and cut-open side view of the C2-symmetrized map with the ﬁtted pseudo-atomic models. The two NurA monomers are
depicted in orange and red while the RecA-like domains and a-helical inserts of the six HerA monomers are shown in blue and light blue. The approximate locations of the
active sites in NurA are indicated with yellow stars. (b) The ﬁt of NurA reveals an excellent ﬁt to the secondary structure elements resolved in the map. (c) In the NurA
homodimer the relative orientations of the monomers differ by 23 with respect to the X-ray crystal structure (white). (d) Domain prediction indicates that HerA comprises
an N-terminal HAS-domain and an RecA-like domain with an a-helical insert. (e) Fitted RecA-like domains of HerA with Walker A and Walker B motifs colored in green and
pink, respectively. (f) The extreme C-terminal residues of each HerA monomer form an a-helix (yellow), protruding from the dark blue adjacent monomer. (g) Two HAS-
barrels of the E. coli F1-ATP-synthase (PDB code 3oaa) are ﬁtted into the segment of the HerA density that corresponds to the HAS domain.
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code 4ag6), which pumps dsDNA as part of the Type IV secretion
system [22]. The homology between VirB4 and HerA comprises
the RecA-like domain as well as the a-helical insertion (sequence
identity approximately 17%). A homology model of HerA based
on VirB4 can be rigidly ﬁtted into the EM density. The ﬁt suggested
that the overall fold is preserved, although the a-helices within the
a-helical insert are repositioned. We subjected the VirB4-based
homology model to molecular dynamics ﬂexible ﬁtting (MDFF)
[23]. In the converged atomic model a-helices and b-sheets clearly
overlap with corresponding density elements (Fig. 3a and e). The
FCR of the atomic model and the corresponding region of the EM
map is 7.5 Å, again consistent with the determined resolution of
the EM map, indicating that over-ﬁtting is not a major concern.
Consistent with the robust ATPase activity [12,15], HerA has a
canonical RecA-like domain, with solvent accessible Walker A (res-
idues 150–154) and Walker B motifs (353–356) at the interfaces of
adjacent RecA-like domains (Fig. 3e). This location suggests that
ATP binding and hydrolysis translocate DNA on the basis of confor-
mational changes between the RecA-like domains [22,24,25].
HerA’s C-terminal helix mediates interaction of adjacent RecA-like
domains in the holocomplex (Fig. 3f), while the a-helical inserts
are located at the NurA-distal site of the HerA hexamer. Their
arrangement in the hexamer generates the central pore with a
diameter of 23 Å (calculated from the map). This is the entry to
the channel that spans the entire complex until it reaches the NurA
dimer.
2.6. HerA–NurA assembly
The remaining EM density between the RecA-like domain and
NurA can be assigned to the N-terminal HAS domain of HerA, con-
sistent with biochemical data that the ﬂat surface between theNurA dimer and the N-terminal HAS (HerA-ATP Synthase barrel)
domain of HerA are critical for complex formation [13–15]. In this
density, a segment that is similar to the HAS barrel within the a-
subunit of E. coli F1-ATP Synthase is clearly identiﬁable (PDB code
3oaa; Fig. 3g). Due to the low sequence identity of approximately
10% between the query and the template, however, an unambigu-
ous positioning of a homology model is not possible at this point
and we hence refrained from incorporating an atomic model of this
domain into our model for the HerA–NurA complex.
The nature of the HerA–NurA interface is signiﬁcant for three
reasons. Firstly, each NurA protomer forms intimate contacts with
each of the three adjacent HAS domain regions, explaining the
basis for the 6:2 interaction. Secondly, the ring of HAS domains
connects the NurA dimer with the RecA-like hexamer without an
obvious exit channel, suggesting that NurA’s active sites can only
be accessed by DNA that has ﬁrst passed through the entry pore
and then the central channel of HerA. The positioning of the NurA’s
active sites additionally prevents non-speciﬁc degradation of DNA
that has not passed through HerA. Thirdly, the central channel that
runs from the RecA-like domain of HerA to the HAS-NurA interface
varies in diameter from 23 and 36 Å (calculated from the map) and
possesses no obvious DNA splitting element.
3. Discussion
We report here the cryo-electron microscopic structure of the
HerA–NurA DNA end resection helicase–nuclease, providing a
structural framework for the resection machine that generates
recombinogenic 30 DNA ends in archaea. The activity of nucleases
such as those implicated in the resection of DNA ends needs to
be carefully controlled, but the resection nuclease must also once
activated proceed for the considerable distance of hundreds to
thousands of bases. This long-range activity requires on one hand
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efﬁciently displace proteins from DNA that would otherwise inter-
fere with the exonuclease activities. While the HRR resection
machineries in all kingdoms always contain ATP-dependent heli-
case/translocase activities as well as nuclease activities, the under-
lying proteins are quite different and apparently not evolutionary
related.
Long-range resection in bacteria is performed by RecBCD- and
AddAB-like complexes, which are found in gram-negative and a
niche of gram-positive bacteria, respectively [26,27]. The RecBCD
heterotrimer is formed from the 30–50 helicase and bipolar nuclease
RecB, the scaffold RecC, and the 50–30 helicase RecD, while the
AddAB heterodimer is formed from the 30–50 helicase and nuclease
AddA, and the 50–30 nuclease AddB. Despite their differing subunit
compositions, the two enzymes utilise a common architecture to
bring about DNA resection in an equivalent manner (Fig. 4c and
d): the incoming DNA is split by a ‘pin’ so that the separated
strands can enter their cognate tunnels, where they are engaged
by the appropriate motor domains (RecB/AddA or RecD) before
being passed towards the nuclease domain (RecB or AddA/AddB)
[28,29]. In the post-v recognition state of the bacterial complexes,
during which only the 50 strand is degraded, protection of the 30
strand is achieved through use of an alternate exit tunnel that is
distant from the RecB/AddA nuclease domains [28,30].
Considerably less is known about the molecular architecture of
eukaryotic resection proteins or complexes. Analysis of resection in
Saccharomyces cerevisiae and biochemical studies with puriﬁedFig. 4. Comparison of HerA–NurA with bacterial RecBCD and AddAB complexes. (a) Orth
accommodating the modeled dsDNA (depicted as light yellow surface). The side view is s
wide at the interface between NurA and the HAS-barrels and only becomes narrower wit
of the bacterial (b) RecBCD and (c) AddAB, and archaeal (d) HerA–NurA complexes. Motor
domains are shown in green and channels are shown in gray. In contrast to RecBCD and
there are no obvious exit channels for the protected 30 strand.proteins showed that a minimal complex capable of resecting
DNA in vitro is formed by the helicase/nuclease Dna2, the RecQ
family helicase Sgs1 and the single-strand binding protein RPA
[31,32]. The precise functional or structural architecture of this
machinery needs to be determined, but it is interesting to note that
also in eukaryotes, multiple helicase/motor domains along with
nucleases are implicated in DNA end resection.
The HerA–NurA complex as determined here differs signiﬁ-
cantly from both eukaryotic and bacterial resection machineries
both mechanistically and structurally (Fig. 4a and d). The nuclease
active sites in the HerA–NurA complex are to a large extent self-
compartmentalized through the interaction of NurA with HerA,
preventing uncontrolled degradation. The nuclease active sites
are only accessible for DNA that passes through the entry pore of
HerA, explaining why HerA–NurA only degrades linear DNA and
is inactive on circular DNA. The HerA channel diameter of approx-
imately 23 Å suggests that the incoming dsDNA passes through the
entry pore and continues to be translocated as dsDNA until it
encounters the interface between NurA and HerA, where it will
be separated owing to the smaller diameter of the channel in NurA
(Fig. 4Aaand d). Thus, while the motors in RecBCD, AddAB and
Dna2–Sgs1–RPA translocate on single-strand of the unwound
duplex, the diameter of the channel in the HerA hexamer and the
similarity of the HerA hexamer to the double-strand translocases
FtsK and VirB4 argues that HerA translocates on dsDNA instead
of ssDNA. This activity would elegantly explain why HerA (in the
absence of NurA) was initially denoted a bipolar helicase that canogonal views of HerA–NurA show that the 23 Å wide central channel is capable of
hown as a cross-section in order to visualize the central channel. The channel is 36 Å
hin NurA. (b–d) Cross-sections showing the different architectures and mechanisms
domains are shown in light blue, nuclease domains are shown in orange, structural
AddAB, the structure indicates that HerA–NurA translocates along dsDNA and that
4642 R.T. Byrne et al. / FEBS Letters 588 (2014) 4637–4644unwind DNA duplexes with both 30 and 50 tails. The proposed
model of translocation is furthermore consistent with both the
absence of a structural feature within HerA that separates the
strands of dsDNA, and the apparently weak helicase of HerA when
it is not in complex with NurA.
When DNA exits the central channel of HerA the two strands
must presumably be separated before they can enter the signiﬁ-
cantly smaller channel that leads through NurA towards the exit
pore. Although we observe a moderate pivot change between the
NurA dimer in the crystal structure and the dimer as bound to
HerA, the overall structure of the NurA dimer is remarkably pre-
served. It is therefore unlikely that the NurA dimer is substantially
remodeled to allow passage of dsDNA. The precise way in which
DNA is separated requires the structural analysis of DNA-HerA–
NurA complexes and needs to be addressed in future studies
(Fig. 4a and d).
Given NurA’s intrinsic endonuclease activity on ssDNA it is
unclear why the 50 strand is processed but the 30 strand is not
cleaved. One option is that the 30 strand exits the complex before
passing the NurA active sites (alternative 30 exit pore in Fig. 4d). In
contrast to the bacterial AddAB and RecBCD enzymes, however,
the HerA–NurA complex lacks an obvious exit between the HerA
entrance and NurA exit pores that would allow escape of the 30
strand. An alternative option is that both strands pass through the
channel in NurA (Fig. 4d). The apparent symmetry of the two chan-
nels in the present reconstruction does not support the idea that
there is a ‘5’ strand degradation’ channel with a functional active
site, and a ‘3’ strand exit’ channel with an inhibited active site. It is
therefore possible that the differing fates of the 50 and 30 strands
are simply a result of their different orientations with respect to
the active sites. We cannot exclude the possibility, however, that
the presence of DNA may generate an asymmetry in the complex
that either creates an additional exit pore for the 30 ssDNAor inhibits
one of the active sites in NurA. In addition, it will be important to
visualize HerA–NurA in the presence of DNA and different nucleo-
tides (ATP or ADP), as nucleotide binding will lead to substantial
conformational changes that are linked to translocation and
unwinding. The current reconstruction most likely represents an
apo state although we cannot exclude that HerA retained some
bound nucleotides (ATP or ADP) through puriﬁcation.
Both archaeal and eukaryotic resection machineries cooperate
with the ATP regulated endo/exonuclease Mre11–Rad50. In
archaea, the mre11 and rad50 genes often form an operon with
herA and nurA, suggesting that the corresponding four proteins
constitute one functional machinery [10–12]. Indeed, P. furiosus
Mre11 and Rad50 stimulate 50 resection by HerA–NurA and these
four proteins together with the Rad51 homolog RadA can promote
strand exchange in vitro [14]. In a similar fashion, the activity of
yeast Dna2–Sgs1–RPA is stimulated in vitro by – among others –
the Mre11–Rad50–Xrs2 (MRX) complex [31,32]. Rad50–Mre11
and HerA–NurA, as well as NurA and SSB can be co-immunoprecip-
itated [33,34], suggesting they either directly interact or at least
co-localize on DNA. The architecture of the HerA–NurA complex
provides now an excellent basis to clarify the interaction architec-
ture of HerA–NurA with DNA and other DSB repair proteins.
4. Material and methods
4.1. Molecular biology
The coding regions of herA and nurA were ampliﬁed from S. sol-
fataricus P2 genomic DNA with Phusion polymerase (NEB) and the
resulting PCR products were gel puriﬁed. These were individually
cloned using an In-Fusion HD Cloning kit (Takara) into pETDuet-1
(Merck Millipore) linearised with the enzymes NcoI and NotI andthe reactions were used to transform XL1-Blue cells (Agilent).
The plasmids were named pETDuet-1::SsHerA and pETDuet-1::SsN-
urA and their sequences were conﬁrmed by Sanger sequencing
(GATC Biotech).
Rosetta pLysS (DE3) cells (Merck Millipore) were transformed
with either the vector pETDuet1::SsHerA or pETDuet1::SsNurA
according to standard procedures. 3 L of LB media containing
ampicillin (100 lg/ml) and chloramphenicol (50 lg/ml) was inocu-
lated with an overnight starter culture at a 1:100 v:v ratio. Flasks
were incubated at 37 C until A600nm  0.6, at which point IPTG
was added to a ﬁnal concentration of 1 mM and the ﬂasks were
incubated at 18 C for 18 h. Cells were subsequently harvested by
centrifugation and stored at 20 C.
4.2. Protein puriﬁcation
Cells were re-suspended in lysis buffer (300 mM NaCl, 50 mM
HEPES–NaOH pH 8.0, 5 mM DTT and 5% v/v glycerol) supple-
mented with an EDTA-Free SigmaFast Protease Inhibitor Cocktail
Tablet (Sigma–Aldrich). Cells were lysed by sonication and the
lysate was clariﬁed by centrifugation. The supernatant was placed
in a 70 C water bath for 20 min and clariﬁed by centrifugation to
remove denatured protein. The supernatant was then loaded onto
a 5 ml Heparin HP column (GE Healthcare) equilibrated with lysis
buffer. Bound protein was eluted with a linear gradient from
100 mM to 1 M NaCl. Fractions containing the protein of interest
were pooled and dialysed against 100 mM NaCl, 50 mM HEPES–
NaOH pH 8.0, 5 mM DTT and 5% v/v glycerol for 18 h. The dialysed
protein was loaded onto a 5 ml HiTrap Q HP column (GE Health-
care) equilibrated with lysis buffer. Bound protein was eluted with
a linear gradient from 100 mM to 1 M NaCl. Fractions containing
the protein of interest were pooled and dialysed against 300 mM
NaCl, 20 mM HEPES–NaOH pH 8.0, 5 mM DTT and 5% v/v glycerol
for 18 h. The protein was concentrated with Amicon Ultra-15 cen-
trifugal ﬁlter units (EMD Millipore) and aliquots were ﬂash-frozen
in liquid nitrogen and stored at 80 C. Protein concentrations
were estimated from absorbance at 280 nm using extinction coef-
ﬁcients calculated from the sequence with ProtParam. The hexa-
meric and dimeric states of HerA and NurA respectively were
taken into account when calculating the molar concentrations of
the proteins.
4.3. Nuclease assays
UX174 RFI DNA (NEB) was either used as provided or linearised
with Eco1471 then puriﬁed with a NucleoSpin Gel and PCR Clean-
up kit (Macherey-Nagel). 10 ll nuclease assay reactions were
formed on ice and contained 200 ng (5 nM) of supercoiled or linear
UX174 RFI DNA, 80 nM NurA (dimer) and 80 nM HerA (hexamer)
in a buffer containing 50 mM NaCl, 20 mM HEPES–NaOH pH 8.0,
5 mM MnCl2, 2 mM MgCl2, 5 mM ATP, 1 mM DTT, 100 lg ml1
BSA and 5% v/v glycerol. NurA, HerA or ATP were omitted as indi-
cated within the ﬁgure. Reactions were brieﬂy vortexed and centri-
fuged then incubated at 60 C for 1 h. Reactions were stopped by
the addition of 5 ll of 150 mM EDTA pH 8.0, 1.5% w/v SDS and
20% v/v glycerol and 1 ll of 1 mg ml1 proteinase K and incubated
at 37 C for 30 min. Samples were loaded directly onto 1% agarose
gels containing GelRed (Biotium) and separated by electrophoresis
in 1 TAE buffer. DNA was visualised with a UV transilluminator
and the resulting images were inverted for clarity.
4.4. Complex formation
The HerA–NurA complex was formed by mixing 20 lM of HerA
hexamer and 30 lM of NurA dimer in 300 mM NaCl, 20 mM
HEPES–NaOH pH 8.0, 5 mM DTT and 5% v/v glycerol in a total vol-
R.T. Byrne et al. / FEBS Letters 588 (2014) 4637–4644 4643ume of 150 ll. The sample was heated at 60 C for 20 min then
centrifuged. 50 ll of supernatant was loaded onto a Superdex
200 5/150 gel ﬁltration column (GE Healthcare) equilibrated with
gel ﬁltration buffer (100 mM NaCl, 20 mM HEPES–NaOH pH 8.0)
in order to separate the complex from free NurA.
4.5. Analysis of the complex stoichiometry
Right-angle light scattering data were collected using an ÄKTA-
micro chromatography system (GE Healthcare) with inline 270
RALS and VE3580 RI detectors (Viscotek). Samples were separated
with a Superdex 200 Increase 10/300 GL (GE Healthcare) gel ﬁltra-
tion column equilibrated with 100 mM NaCl and 20 mM HEPES pH
8.0. The HerA–NurA complex was formed as described above and a
volume of 100 ll was loaded for analysis. Data were analyzed with
OmniSEC (Malvern) using 4 mg/ml BSA as a standard.
The stoichiometry of the complex was analyzed by running
size-exclusion chromatography fractions on an SDS–PAGE gel.
The gel was ﬁrst stained in SYPRO-Orange (Life Technologies)
and scanned with a Typhoon FLA 9500 (GE Healthcare), then sub-
sequently stained with Coomassie Blue and re-scanned. Bands
were quantiﬁed with ImageJ [35] as described previously [36].
4.6. Cryo-electron microscopy
Puriﬁed protein at a concentration of 0.05 mg/ml was applied to
2:1 holey carbon grids (Quantifoil Micro Tools, Germany), vitriﬁed,
and imaged at 300 keV using a Titan Krios transmission electron
microscope (FEI, Netherlands) using a K2 Summit Camera (Gatan,
USA) in super resolution mode. The pixel size at the micrograph
level was 1.77 Å. Data were automatically acquired at defocus val-
ues ranging from 1.5 to 3.0 lm using TOM2 [37]. A total dose of
25 e/A2 was applied in a movie of 20 images. The images of each
movie were aligned to compensate for drift and beam-induced
motions using an in-house developed implementation of the algo-
rithm in [38]. The resulting integrated images were corrected for
the contrast transfer function using ctfﬁnd3 [39]. Particles were
selected semi-automatically using e2boxer [40]. Particles that were
assigned to well-resolved 2D classes were retained for further
reﬁnement. Determination of the most probable 3D map given
the observed particle images was performed in RELION [18] using
a single class. Alternative runs of RELION using multiple references
resulted in classiﬁcation according to orientations, indicating that
conformational heterogeneity of the complex was too subtle to
be captured. The reﬁnement in RELION converged in a map of
8.9 Å resolution according to FSC of two independently reﬁned
halves of the data. As the resulting map displayed twofold symme-
try, a ﬁnal reﬁnement run employing C2 symmetry converged in a
map of 7.4 Å resolution according to FSC. The map has been depos-
ited in the EMDB with the accession code 2808.
A comparative model for HerA was built based on the crystal
structure of VirB4 (PDB code 4ag6) using HHpred [41] and MODEL-
LER [42,43]. The N-terminal segment without structural templates
was removed from the model. For the C-terminus, secondary struc-
ture analysis predicted two helices, where also density was
observed. Thus these helices were additionally modelled. Initially,
one monomer was rigidly ﬁtted into the EM map with Chimera
[44,45] followed by ﬂexible ﬁtting with MDFF [23] using a simu-
lated annealing protocol and implicit solvent. Additional distance
restraints for b-strands were introduced to keep large b-sheets
together. Finally, the hexamer of HerA was built and ﬁtted into
the density. The accuracy of the model was assessed by local
cross-correlation of map and model [46]. The same procedure
was applied to NurA, where the crystal structure (PDB code
2ygk) was used.4.7. Negative-stain electron microscopy
Puriﬁed complex at a concentration of 0.05 mg/ml was applied
to R3/3 grids with 2 nm carbon support (Quantifoil Micro Tools,
Germany), stained with 2% w/v uranyl acetate, and imaged at
160 kV using a CM200 transmission electron microscope (Phillips)
using a TVIPS 4kx4k CCD camera. The pixel size at the micrograph
level was 2.16 Å. Data were acquired at defocus values ranging
from 1.1 to 2.5 lm.
The resulting images were imported into eman2 and downsam-
pled to give a ﬁnal pixel size of 4.32 Å. 4461 particles from 10
images were picked semi-automatically with e2boxer and cor-
rected for the contrast transfer function. An ab initio model was
created using SIMPLE [19] from the resulting particle stack with
simple_rndrec and this was reﬁned with simple_reﬁne. The reﬁne-
ment procedure converged after 12 cycles and the resulting model
was used as an initial model for reﬁnement against the cryo-EM
data in RELION as described above.
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